The time scale of hippocampal involvement in retrieving memories, particularly those more remote, is still a matter of debate. Some propose that the hippocampus is not involved in the retrieval of remote memories, whereas others assert that it is necessary for memory retrieval in perpetuity. Functional magnetic resonance imaging was used to examine the effect of remoteness on the neural basis of memory. We used a parametric event-related random-effects design in a large group of subjects to overcome some of the limitations of previous neuroimaging studies. We found that the hippocampi were significantly active during the retrieval of autobiographical memories. Notably, the two hippocampi diverged in their responses to remoteness. The right hippocampus showed a temporal gradient, decreasing in activity the more remote the autobiographical memories. No such effect was apparent in the left hippocampus, suggesting its invariant involvement in remembering autobiographical events throughout the lifespan. The dorsal amygdalas showed a temporal gradient similar to the right hippocampus, but emotional valence and intensity were not directly associated with changes in activity. The current results indicate that consideration of lateral asymmetry may help to broaden the scope of theoretical interpretations concerning hippocampal involvement in remote memory.
Introduction
It is widely accepted that the hippocampus plays a pivotal role in the formation and consolidation of memories for the spatially and temporally specific (autobiographical) events that comprise our everyday lives (Scoville and Milner, 1957) . The time scale of hippocampal involvement in these processes, and whether it is necessary for the retrieval of memories once they become more remote, remains an open question. Two prominent theories, posited primarily on the basis of patient data, present differing views on the role of the hippocampus in remote memory. The consolidation theory asserts that the hippocampus is required for memory formation and initial consolidation before neocortical areas assume the responsibility for memory storage and retrieval independent of the hippocampus (Squire, 1992) . In contrast, the multiple-trace theory (MTT) contends that each autobiographical memory has a permanent trace in the hippocampus (Nadel and Moscovitch, 1997 ; see also, Sanders and Warrington, 1971; Murray and Bussey, 2001) . Reconciling these theoretical positions from patient data alone is problematic. The length of retrograde amnesia (RA), or loss of memories that were formed before lesion occurrence, has been taken as key evidence in deducing the hippocampal role. However, even with apparently similar selective bilateral hippocampal lesions, patients have been reported with a relatively short RA (Zola-Morgan et al., 1986) , but others had RA stretching back over decades ; for a review of hippocampal amnesia, see Spiers et al., 2001) .
Functional neuroimaging in healthy subjects offers a complementary means to examine the effect of remoteness on the neural basis of memory. However, there have been a limited number of studies examining remote memory (Conway et al., 1999; Stark and Squire, 2000; Maguire et al., 2001a; Ryan et al., 2001; Haist et al., 2001; Niki and Luo, 2002) . The findings from these studies are consistent, with no reliable evidence of modulation in the activity of the hippocampus in response to the remoteness of memories a [The hippocampus is defined here as CA1-CA4 and dentate gyrus, in line with Amaral (1999) ]. These studies appear to be problematic for the consolidation theory. However, there are a number of problems with the studies that cast doubt on this conclusion. All but one study used a block rather than an eventrelated design. In a block design, the activity associated with a specific memory event is not examined, instead activity is averaged over many events. This makes it impossible to distinguish specific stimulus-related effects (e.g., the remoteness of each memory) from state-related changes in activity unrelated to the processing of specific stimuli but which are tonically maintained across a block of trials (Rugg, 1998; Otten et al., 2002) . Thus, transient event-related effects (such as remoteness) may be obscured. Furthermore, the studies have been limited in the numbers of subjects tested and memories sampled.
The aim of this study was to examine the hippocampal response to both autobiographical events and public events dating from decades ago through the present day, overcoming some of the limitations of previous studies. We included the two memory types because there continues to be debate about whether the hippocampus is concerned with all forms of explicit memory (Squire and Zola-Morgan, 1997) or most particularly with autobiographical event memory (Nadel and Moscovitch, 1997; Maguire, 2001) . Each recollection was modeled as a single event, permitting the use of a parametric design and eliminating the need for their arbitrary categorization as recent or remote, or the need to average over many events. We included a large number of subjects and a large number of events of each memory type. In addition, ratings of emotional valence and intensity were included for each memory event and explicitly modeled.
Materials and Methods
Subjects. All values reported are means Ϯ SD. The sample comprised 24 participants with a mean age of 53.58 Ϯ 22.08 years (range, 23-80) . Twelve subjects were young (mean age, 32.42 Ϯ 4.21; range, 23-39; 6 males, 6 females). Twelve subjects were older (mean age 74.75 Ϯ 4.92; range, 67-80; 6 males, 6 females). There were two left-handed males, one young and one older. All subjects were healthy and had been screened to exclude neurological, psychiatric, or systemic conditions or medication that might affect brain function. In addition, the structural MRI scan of each subject was examined by a neuroradiologist to rule out pathology. The mean number of years of education beyond the age of 16 years was 5.5 Ϯ 3.43 for the young subjects and 4.58 Ϯ 2.61 for the older subjects (the difference was not significant; p ϭ 0.47). All subjects were high functioning (mostly university-educated), autonomous communitydwellers. The older subjects, although retired, were all active in cultural pursuits, in continuing education, or with responsibilities in various associations. Given the auditory nature of the experiment, the hearing of each subject was checked before scanning to ensure that the tasks could be performed in the scanning context. All subjects gave written informed consent in accordance with the local medical ethics committee.
Image acquisition and data analysis. Data were acquired using a 2 tesla Magnetom VISION (Siemens GmbH, Erlangen, Germany) MRI system. Contiguous multislice T 2 *-weighted functional MRI (fMRI) images were obtained (echo time ϭ 40 msec) with echo-planar imaging (EPI), whole head: 32 slices, each 3 mm thick, 3.1 sec per volume. A structural MRI scan using a standard three-dimensional T 1 -weighted sequence was acquired from each subject. Functional images were processed and analyzed using Statistical Parametric Mapping (SPM99; Wellcome Department of Imaging Neuroscience, London, UK) (Friston et al., 1995) . Briefly, the first five volumes were discarded to allow for T 1 equilibration effects. Images were realigned to correct for interscan movement, normalized to a standard EPI template based on the Montreal Neurological Institute reference brain and resampled to 3 ϫ 3 ϫ 3 mm 3 . The T 1 structural volume was coregistered with the mean realigned EPI volume and normalized with the same deformation parameters. The normalized images were smoothed with an isotropic 8 mm full-width half-maximum Gaussian kernel to accommodate intersubject anatomical variability. The hemodynamic response to each stimulus event (statement plus response) was modeled by a canonical hemodynamic response function and its first-order temporal derivative. The age (in years) of each autobiographical event memory and each public event memory and the ratings of both valence and intensity (see below) for each of these memories were included as covariates of interest (modeled linearly). The six headmovement parameters were included as confounding factors. First-level linear contrasts of parameter estimates for each subject were taken to the second level, and a random-effects analysis was performed. A threshold of p Ͻ 0.001 (uncorrected for multiple comparisons) was used throughout. Activations involving clusters of more than three contiguous voxels were interpreted.
Study materials and procedure. There is an ongoing debate about how to assess remote memory (Kapur, 1999) . Here we used a paradigm similar to that reported previously (Maguire et al., 2000 (Maguire et al., , 2001a . This approach has resulted in robust and consistent hippocampal activations, an essential platform from which to examine the effects of remoteness on hippocampal activity. Several weeks before scanning, subjects were interviewed at length to check general and personal factual knowledge and to ascertain details of their personal event memories and knowledge of public events from the time they were 4 -5 years old to the present day. Only events that involved the precise recall of time and place of occurrence, were definitely recollected by the subject and not told to them by a third party, and were recalled with the most detail were considered for inclusion in the scanning experiment. The richness of details was scored in a manner similar to that described by Nadel et al. (2000) , that is, by counting the number of details provided for each event. The memories selected for inclusion were those that were recalled with the most details (but excluding those events for which the details were of one particular type, e.g., for a memory involving a car, in which the details pertained only to the visual/perceptual aspects of the car, but with few details about the overall event involving the car). This approach also served to exclude event memories that had become semanticized Rosenbaum et al., 2001 ). There was no difference in the amount or richness of detail of recent and remote memories that were included in the scanning experiment. We were also careful to exclude public events that had clear autobiographical associations. The interview information was used to construct stimuli specific to each individual subject. Four memory types were included: autobiographical events, public events, autobiographical facts, and general knowledge. Because the issue of interest here concerns possible neural correlates of the remoteness of memories, only data pertaining to the first two memory types are reported, because they had specific spatiotemporal contexts (see Maguire and Frith, 2003 , for data relating to the other memory types).
The stimuli comprised sentences presented auditorily during fMRI scanning; the task was to listen to a statement and verify if it was true or false by a key-press response. The true:false ratio was 3:1, with the false statements comprising obvious adjustments to genuine memories. Previous studies using a similar paradigm found that for event memories, this task caused subjects to recall the original events even during the false statements (Maguire et al., 2001a) . There were 24 statements (scanning events) for each memory type. Each statement was between 3 and 4 sec long, and subjects responded up to a maximum of 8 sec from statement onset. Across all memory conditions, statements were controlled for length of presentation, number of syllables, and frequency of proper nouns. Autobiographical and public events stimuli were matched for the age of the memories, with an even spread throughout the lifetime of a subject. Subjects rated each autobiographical event and each public event memory for emotional valence. The question asked was "How does thinking about this make you feel?"; subjects responded using a 7 point scale ranging from Ϫ3 (very unhappy) to ϩ3 (very happy). They also rated the intensity of their feelings in relation to each memory event on a 7 point scale raging from 1 (low intensity) to 7 (high intensity). Examples of stimuli include an autobiographical event (You sang in the Requiem at St. Albans Abbey.) and a public event (The Stone of Scone was stolen from Westminster Abbey.).
Results
Aspects of the data from these subjects have been reported previously in relation to a different research question about memory and aging (Maguire and Frith, 2003) . We now report novel analyses that speak directly to the current questions, namely the effects of remoteness and emotion on the neural basis of autobiographical and public event memories.
Subjects were debriefed after scanning using a simple procedure. They were asked to state what they had been thinking about when they heard the stimuli. They were also asked to say whether they thought about the previous interview during scanning or when hearing the stimuli. Subjects confirmed that for event memories, the task had caused them to recall the original event, typically with a subjective sense of re-experiencing it. None of the subjects reported thinking about the previous interview during scanning, and none reported any of the tasks to be more difficult than another. The mean reaction times for autobiographical events was 4053.08 Ϯ 356.7 msec (mean Ϯ SD) and for public events 4118.83 Ϯ 193.9 msec; the difference was not significant. For both young and older subjects, the most recent memories were within the 6 months before scanning. For young subjects, remote memories ranged from 17 to 35 years old, and in older subjects from 61 to 77 years old.
Behavioral data
Performance on the true/false task during scanning was very accurate and similar for both autobiographical events (23.17 Ϯ 0.68/24) and public events (22.88 Ϯ 0.85/ 24). The mean emotional valence ratings for the two memory types were close to neutral, with the autobiographical events being slightly positive (0.39 Ϯ 1.69) and the public events slightly negative (Ϫ0.75 Ϯ 1.22); the range for both was Ϫ3 to ϩ3. The mean intensity ratings for the two memory types were also similar (autobiographical events, 3.89 Ϯ 1.87; public events, 3.16 Ϯ1.84), with a range from 1 to 7 for both. Across all memories, valence and intensity ratings were correlated with each other for both autobiographical (r ϭ 0.2; p Ͻ 0.0001) and public events (r ϭ Ϫ0.45; p Ͻ 0.0001). For autobiographical events, valence was correlated with the remoteness of memories (r ϭ Ϫ0.13; p Ͻ 0.003) when between subjects and intensity effects were partialled out. This means more recent memories were regarded as more positive. Valence was also correlated with remoteness in the case of public events (r ϭ 0.1; p Ͻ 0.003), but in this instance recent memories were regarded as more negative. Intensity ratings did not correlate with remoteness for either memory type.
fMRI data
Direct comparisons between the two memory types showed that the left (Ϫ21, Ϫ9, Ϫ18; z ϭ 5.33) and right (21, Ϫ15, Ϫ15; z ϭ 5.00) hippocampi (Fig. 1) , medial frontal cortex (0, 54, 0; z ϭ 5.52), and retrosplenial cortex (Ϫ3, Ϫ55, 18; z ϭ 4.87) were more active during the retrieval of autobiographical compared with public events. The reverse contrast showed that the left superior temporal gyrus (Ϫ57, Ϫ12, 6; z ϭ 4.06) was more active for public than for autobiographical events.
A parametric effect of autobiographical memory remoteness was revealed in only two regions, the right hippocampus (18, Ϫ21, Ϫ15; z ϭ 3.7) (Fig. 2 A) and the left dorsal amygdala (Ϫ24, 0, Ϫ18; z ϭ 3.47) (Fig. 2 B) , with activity decreasing the more remote the autobiographical memories. The right dorsal amygdala showed a similar response just below threshold, but the left hippocampus did not show this effect even at a very liberal statistical threshold. We also defined two regions of interest (10 mm spherical) in the left and the right hippocampi centered on the voxel of peak activation and statistically compared the mean time course of the voxels within the two regions directly (using MarsBar, Brett et al., 2002) . This confirmed the significant laterality difference in response (two-tailed p Ͻ 0.05). The parameter estimate (arbitrary units) at the peak voxel in the right hippocampus was 5.7 (between subjects SE, 1.0) and at the same voxel in the left hippocampus (only detectable at a very liberal threshold of p Ͻ 0.05 uncorrected) was 2.6 (between subjects SE, 0.9). This clearly shows the much greater effect size for the parametric effect of memory remoteness in the right hippocampus. Figure 3 , A and B, shows three-dimensional plots of the response to remoteness in one example young and one example old subject, respectively, at the peak right hippocampal voxel reported in the group analysis. The plots show that although clearly most active for recent memories with its activity decreasing with memory age, the right hippocampus remains active even for 30-year-old memories (both plots). It is only when memories are older than ϳ30 years that the right hippocampus is deactivated (Fig. 3B) .
No brain regions showed increasing activity the more remote the autobiographical memories. No decreases or increases in activity were associated with the remoteness of public event memories. In a previous study we found evidence of a temporal gradient in the right ventrolateral prefrontal cortex for autobiographical events (Maguire et al., 2001a ). In the current study, this area showed the same temporal gradient effect but was subthreshold.
Ratings of emotional valence and intensity were not associated with increases or decreases in activity for either autobiographical or public event memories
Discussion
There are three key findings from our study. First, activity in the hippocampi was significantly increased while remembering autobiographical events compared with remembering public events. Second, the right and left hippocampi diverged with respect to their response to memory remoteness. The right hippocampus showed a temporal gradient, with its activity decreasing the more remote the autobiographical memories. In contrast, activity in the left hippocampus was not modulated by the remoteness of memories, suggesting invariant involvement in remembering autobiographical events throughout the lifespan. Third, emotional valence and intensity were not directly associated with changes in activity, although the dorsal amygdalas were observed to show a temporal gradient, decreasing in activity the more remote the autobiographical memories. Notably, the findings pertained to memory for autobiographical but not public events, although the two event types were recalled with similar detail, were matched for memory age, and required orientation to the past.
Memory
A preferential role for the hippocampus in the retrieval of autobiographical events compared with other memory types such as public events has been documented previously, and often with a left hippocampal preponderance (Maguire and Mummery, 1999; Maguire et al., 2000 Maguire et al., , 2001a Burgess et al., 2001; Ryan et al., 2001 ; but see Fink et al., 1996) . It may be that our larger number of subjects and memory events revealed previously undetected right hippocampal activity. However, half of the current subjects were in their 20s and 30s, and half were over the age of 65. Previously, left hippocampal activation was reported in young subjects during autobiographical memory retrieval, with bilateral hippocampal activation evident in older adults. Direct comparison between the groups confirmed significantly greater right hippocampal activation in the older adults (Maguire and Frith, 2003) . We believe the current bilateral hippocampal activity evident in the comparison of autobiographical with public events is attributable to the older adults. We also examined the young and older subjects separately with respect to memory remoteness. However, neither group showed any changes in activity associated with remoteness at a threshold of p Ͻ 0.001 (uncorrected), although right (and not left) hippocampal modulation was apparent for both groups at the liberal threshold of p Ͻ 0.05. The two groups did not differ in this regard when directly compared. Therefore, the right hippocampal response to remoteness only emerges as significant in the amalgamated and larger group of subjects. It is perhaps not surprising that small incremental changes in memory age produce effects that are very subtle, but nevertheless consistent across subjects. This may have implications for future fMRI studies planning to examine consolidation/ remoteness in autobiographical memories, suggesting the necessity for a large sample size.
Although activity in the right hippocampus decreases the more remote the autobiographical memories, the gradient of this decrease is over decades. Figure 3A shows that the right hippocampus is still active for memories that are 5 or even 10 years old, and likewise for memories 30 years old, albeit to a much lesser degree. Figure 3B shows that it is only when memories are very remote, Ͼ30 to 40 years old, that the right hippocampus becomes deactivated and, we assume, not involved. This pattern of findings raises a number of intriguing questions: What is the right hippocampus doing that becomes less relevant over the course of 30 years? Given that we ensured that the recent and remote autobiographical memories were comparable for amount of details recalled (see Materials and Methods) , what is different about memories from 60 years ago compared with ones that are, say, 3 years old? Recent and remote memories may differ along lines not detected by our selection process and debriefing. Perhaps the right hippocampus is necessary for the initial processing of the spatial context of an event, given its acknowledged role in spatial memory (O'Keefe and Nadel, 1978; Maguire et al., 1998; Burgess et al., 2002) , or recent memories may be more visuoperceptually salient (Pigott and Milner, 1993) . Examination of the stimuli did not suggest any differences in the spatial or visuoperceptual details of recent and remote memories. Additional studies explicitly designed to vary both remoteness and also level of detail or other experiential aspects of the memory events will be required to address this issue directly.
The current findings are in agreement with MTT in relation to continuous involvement of the left hippocampus and autobiographical memory. Although protracted involvement of the right hippocampus is also in line with MTT, this theory does not pre- dict a parametric decrease in its activity. Although the consolidation theory can embrace the right hippocampal finding, it does not predict significant involvement even after 10 years, nor does the theory hold for the invariant involvement of the left hippocampus. Thus, the current data suggest that both of the two main theories are correct, but only in part.
The MTT and the consolidation theory seem to imply that the posited hippocampal effects are bilateral. However, there is no reason to make this assumption, particularly because there is already evidence that the two medial temporal lobes show relative differences with respect to the types of materials they process: right visuospatial (Smith and Milner, 1981; Abrahams et al., 1997) and left verbal (Frisk and Milner, 1990) . The two theories are principally based on findings from patients with bilateral hippocampal/medial temporal damage. If the hippocampi diverge with respect to remoteness, is this supported by data from patients with unilateral lesions? To date, there have been very few studies of remote memory in patients with unilateral temporal lobe damage, and those that have been conducted differ widely in the memory types assessed (autobiographical or public events), tests used, and types of patients examined. Furthermore, damage in these patients was not restricted to the hippocampus. All but one study (Eslinger, 1998) reported unilateral patients to be impaired on tests of remote memory, with either left-or right-sided lesions/epilepsy foci (Bergin et al., 2000; Viskontas et al., 2000) or with only left-sided lesions (Barr et al., 1990; Leplow et al., 1997) . In cases in which it was tested, there were no reports of a temporal gradient (Barr et al., 1990; Leplow et al., 1997; Viskontas et al., 2000) , although Barr et al. (1990) noted that the patients with a right-temporal lesion performed relatively poorly for recent events.
Patients with semantic dementia (Snowden et al., 1989 ) have also been reported to have impaired autobiographical memory (Nestor et al., 2002) . Their apparently preserved memory for recent rather than remote events in the context of extensive temporal neocortical damage seems to support the consolidation theory, although this is debated (Graham, 1999; Westmacott et al., 2001; Nestor et al., 2002) . In particular, there is mounting evidence that the left hippocampus is implicated early in the course of the disease Galton et al., 2001 ). Given our current results, the semantic dementia findings might simply be explained by the relatively intact right hippocampus processing more recent events, whereas the remote memories, more heavily dependent on the left (and damaged) hippocampus, are impaired.
Lateral asymmetry in remoteness may also interact with the age of patients. Many of those reported with selective bilateral hippocampal damage are older adults , as are many semantic dementia cases. Older subjects may be more dependent on the right hippocampus during autobiographical memory retrieval, as suggested by Maguire and Frith (2003) . If the right hippocampus is more active for recent events, then damage to this structure in older subjects may be more likely to produce a temporal gradient. Interestingly, Kopelman et al. (1989) found that young amnesic patients showed a relatively flat temporal gradient, whereas older amnesic patients demonstrated a more marked gradient.
Emotion
Overall, emotional valence and intensity of event memories were not directly correlated with changes in activity. Remoteness and valence were correlated behaviorally for both autobiographical events and public events. Interestingly, they were negatively correlated for autobiographical events (i.e., more positive memories were more recent) and positively correlated for public events (i.e., recent memories were regarded as more negative). Thus, the right hippocampus and dorsal amygdalas may be responding specifically to recent autobiographical events that have a more positive valence. In a previous neuroimaging study, a preponderance of right hemisphere activity associated with recall of autobiographical events was interpreted as likely attributable to the personal memories being more emotive (Fink et al., 1996) , although emotion was not formally manipulated, nor was remoteness of memories. Although the amygdala is often associated with negative emotions such as fear (for review, see Calder et al., 2001) , there are recent studies showing that the amygdala may also play a role in processing positive emotions (Baxter and Murray, 2002; Hamann et al., 2002) . Although the current data are in line with this view, we interpret them cautiously given that no direct correlation of amygdala activity with emotion was found.
In summary, using a parametric event-related random-effects design, we found lateral asymmetry in the fMRI response of the hippocampi to the remoteness of autobiographical memories. The right hippocampus showed a temporal gradient, whereas the left hippocampus did not. The above design parameters as well as a large number of subjects may be necessary to detect remoteness effects using fMRI. In addition, these effects were evident only for autobiographical and not for public event memories, thus cautioning against using one or the other to generalize about memory remoteness. Although the neural basis of memory is clearly a complex issue, the current results may help to narrow the gulf between neuroimaging and neuropsychological findings, while broadening the scope of theoretical interpretations concerning the role of the hippocampi in remote memory.
